Abstract: Polypharmacy is common in the elderly due to multimorbidity and interventions. However, the temporal association between polypharmacy and renal outcomes is rarely addressed and recognized. We investigated the association between cardiovascular (CV) polypharmacy and the risk of acute kidney injury (AKI) in elderly patients.
INTRODUCTION

C
linical practitioners attempt to balance disease management with drug-related adverse events and economic costs or insurance coverage challenges when prescribing medications. Polypharmacy, the use of multiple medications, has become increasingly common in healthcare systems throughout the world because management of many chronic illnesses, such as hypertension, heart failure, coronary artery disease, musculoskeletal and neuropathic pain often requires multiple medications. 1 However, drug-related adverse effects can occur when the number of medications increases, especially in elderly patients with multimorbidity. Moreover, as more medications are used adherence and compliance to treatments often decrease and drug interactions and adverse effects become more common. 2, 3 Prescription of complex regimens and the resultant nonadherence may potentially contribute to poor disease control, recurrent hospitalizations, and higher mortality. 4, 5 Thus, polypharmacy is an issue of critical importance for geriatric patients and their prescribers.
It is estimated that more than 50% of elderly people residing in the community receive cardiovascular (CV) medications, especially antihypertensive agents. 6 CV medications are among the most commonly prescribed drugs in the elderly. 7 A survey of nursing home residents (mean age: 85) found that 40% to 50% of the patients were taking antiplatelet agents and angiotensin II-converting enzyme inhibitors/angiotensin receptor blockers (ACEIs/ARBs). 8 CV disorders, including heart failure and left ventricular hypertrophy, are often accompanied by systemic neurohormonal activation and renal maladaptation, increasing renal susceptibility to acute insults. The subsequent functional and even structural renal damages further complicate the management of the underlying CV disorders. On the other hand, patients with advanced chronic kidney disease (CKD) also tend to develop CV diseases, possibly owing to the accompanied chronic inflammation, hypertension, anemia, fluid overload, and divalent ion imbalances, as well as uremic toxin effects. 9 Thus, acute kidney injury (AKI) is expectedly a frequent complication in patients with heart failure and related CV disorders, while CKD could serve both as a complication and a precipitant of incident CV diseases. 10 CKD, by itself also a comorbidity, plays a role in influencing our pharmaceutical choices in managing CV diseases. In light of the above, elderly patients who have more CV comorbidities tend to use more medications and might have a higher risk of developing AKI from their complications arising during the treatment.
However, it is unclear whether the elevated risk of AKI in the elderly is associated with CV diseases themselves, the associated multimorbidity, or the pharmacologic regimen used to treat them (Figure 1 ). The effect of CV diseases and the accompanied comorbidity on the risk of AKI in the elderly has been widely recognized, such as the adverse influence posed by diabetes mellitus (DM), but the impact of concurrent CV medications use is rarely accounted for in the analyses. Previous research on the relationship between CV medications and risk of AKI mostly addressed the effect of individual CV medications, without considering the potential adverse effects exerted by polypharmacy. For example, researchers have reported that long-term preoperative ACEIs/ARBs use is associated with more AKI episodes in cardiac surgery recipients. 11 Other research suggested that use of diuretics and antibiotics might correlate with subsequent development of renal dysfunction, especially in the elderly. 12 We hypothesize that CV medications as well as polypharmacy, rather than the effect of CV disorders or their associated multimorbidity, is the principal factor associated with increased risk of subsequent AKI and adverse hospitalization outcomes in geriatric patients. Renal events, AKI in this study, were regarded as the complications (the main outcomes) during the clinical courses instead of comorbidities. We investigated this issue using a prospective geriatric cohort with a comprehensive review of admission diagnoses (the acute insult), concurrent comorbidities, and their medication usage within the past 3 months before admission.
MATERIALS AND METHODS
Study Design
The present study was performed at the National Taiwan University Hospital (NTUH), a tertiary referral center that treats patients from all parts of Taiwan. In-patients older than 60 years were prospectively enrolled from the general medical wards of the NTUH between January and December 2014. All enrollees provided informed consent. After enrollment, demographic profiles (age and gender), body mass index (BMI), and clinical data including comorbidities and main diagnosis at admission were collected. Hypertension was defined as past or current use of antihypertensive agents or blood pressure more than 140/ 90 mm Hg on admission. Coronary artery disease, heart failure, peripheral artery disease, and previous cerebrovascular events were recorded if documented by the presence of symptoms, laboratory results, and image findings. DM was recorded according to the most recent guidelines. 13 Pulmonologists diagnosed chronic obstructive pulmonary disease (COPD) based on symptoms. Malignancy was verified by histopathologic data. CKD was defined as a baseline estimated glomerular filtration rate <60 mL/min/1.73 m 2 , calculated with the Modification of Diet in Renal Disease formula.
The study protocol was approved by the NTUH ethics committee (no. 201306089RINA) and was conducted in adherence with the Declaration of Helsinki.
Medication Identification and Categorization
We recorded preadmission use of CV medications for all patients. CV polypharmacy was defined using the cumulative concept, that is the sum of all types of different medications prescribed for treating CV disorders within a 3-month period before admission.
14 The CV medications included were antihypertensive agents (ACEIs/ARBs, b-blockers, calcium channel blockers, and a-blockers), antiarrhythmic agents, diuretics, lipid-lowering agents, nitrates, antiplatelet agents, and digoxin. 15, 16 Medications with nephrotoxic potentials, including aspirin, nonsteroidal anti-inflammatory drugs (NSAIDs), ACEIs/ARBs, diuretics, statin, calcineurin inhibitors, certain antibiotics, chemotherapeutic agents, and atypical antipsychotics (reportedly associated with AKI in the elderly), 17 were recorded. The medication lists of all patients were retrospectively reviewed and recorded on the first day of admission using the Taiwan National Health Insurance PharmaCloud system (Figure 2) . 18 The PharmaCloud system is a web-based database established by Taiwan National Health Insurance that allows physicians to cross-check all out-and in-patient prescription records from the 3 month period before a medical encounter. A high percentage of the Taiwan population has insurance coverage (>99%), so the PharmaCloud system can accurately track essentially all medications used by each patient.
Outcome Variables
Elderly patients were prospectively followed after admission until death or discharge (Figure 2 ). The primary endpoint was the absence or presence of AKI at admission, and the secondary endpoint was duration of hospitalization and mortality during the index admission. AKI was diagnosed by serum creatinine (sCr) level, as described by the Kidney Disease Improving Global Outcomes (KDIGO) classification. 19 These criteria classify AKI as grade 1 (sCr elevation 50% to 100% within 7 days or >0.3 mg/dL within 48 h), grade 2 (sCr elevation 100% to 200%), and grade 3 (sCr elevation >200% or >4 mg/ dL, or initiation of dialysis). Baseline sCr was obtained within 3 months of admission.
Statistical Analysis
We used SPSS 18.0 software (SPSS Inc., Chicago, IL) for statistical analyses. Continuous variables are given as means AE standard deviations and compared with the independent t test. Categorical variables are given as number (percentage) and compared with the Chi-square test. We divided the entire cohort according to the number of CV drugs used before admission, and compared clinical variables of these groups. To investigate the relationship between preadmission CV polypharmacy and AKI on admission, we further stratified the cohort into those with or without initial AKI, and then analyzed group differences with the independent t-test. For calculation of odds ratios (ORs), we performed multiple regression analysis that incorporated demographic profiles, comorbidities, and admission diagnoses with stepwise variable selection to determine the effect of CV polypharmacy on subsequent AKI and hospitalization outcome. A 2-sided P value <0.05 was considered statistically significant.
RESULTS
We enrolled 152 geriatric patients (age >60 years) during the 1-year study period. Figure 3A shows the number of CV drugs used by the entire cohort before admission (mean: 2.2 AE 1.8, range: 0-8). For subsequent analysis, we divided the cohort into quintiles of total number of CV drugs that were used (0 drugs: n ¼ 33, 21.7%; 1 drug: n ¼ 22, 14.5%; 2 drugs: n ¼ 35, 23%; 3 or more drugs: n ¼ 62, 40.8%). CV polypharmacy, defined as usage of 2 or more medications at the same time, 20, 21 was present in 64% (n ¼ 97) of the study cohort. The prevalence of potentially inappropriate medications (PIMs) prescription in our cohort was 37.5% (n ¼ 57), according to Screening Tool of Older Person's Prescriptions (STOPP) criteria for CV medications.
22 Table 1 shows the demographic and clinical characteristics of patients who used different numbers of CV drugs. Those taking more CV medications were more likely to be female (P < 0.01) and to have a higher BMI (P ¼ 0.02). In addition, patients 70-year-old and older tend to take significantly more CV medications than those between 60 and 70 years old ( Figure 3B ). As expected, patients who took more CV medications were more likely to have hypertension (P < 0.01), DM (P < 0.01), coronary artery disease (P ¼ 0.02), and CKD (P ¼ 0.02). We discovered that the percentage of aspirin, ACEIs/ARBs, diuretics, and statin use increased stepwise with increasing CV medication counts (P < 0.01 for all types of drugs); however, other potential nephrotoxic drugs, including NSAIDs use, did not differ between groups with different CV medication counts (Table 1) .
On admission, the main diagnoses were pulmonary disorders, and admission diagnosis did not differ significantly among those taking different numbers of CV medications ( Table 2 ). Laboratory data, including hemogram, baseline sCr, and admission sCr, was also similar in those taking different numbers of medications.
On admission, 73 patients (48%) presented with AKI, and patients taking more CV medications had a significantly higher incidence of AKI (0 drugs: 33%; 1 drug: 50%; 2 drugs: 57%; 3 or more drugs: 60%; P ¼ 0.05). An alternative analysis indicated that those with initial AKI took significantly more preadmission medications than those without AKI (2.5 vs 1.9, P ¼ 0.03). Next, we stratified the 73 patients with AKI according to KDIGO criteria ( Figure 4 ). The results indicate that patients with increasingly severe AKI (higher KDIGO grade) took more preadmission medications (P ¼ 0.04).
A total of 24 patients (15.8%) died during hospitalization, and the mean length of hospitalization was 16 days. There were no significant differences in duration of hospitalization (P ¼ 0.89) and mortality (P ¼ 0.07) in patients using different numbers of medications.
We also compared the clinical and laboratory data of patients with and without initial AKI (Table 3) . Patients with AKI were more likely to have DM (P ¼ 0.03) and higher sCr at admission (P ¼ 0.02), but there were no differences in the other measured variables, including other potential nephrotoxic medications used in the preceding 3 months before admission. Similarly, the percentage of PIMs prescription among elderly with and without AKI did not differ (the former vs the latter, 44.3% vs 30.1%; P ¼ 0.07). However, diuretics use was significantly more common in those with AKI compared to those without (P < 0.01).
Finally, we determined whether preadmission CV polypharmacy was associated with AKI at admission by use of multiple regression analysis, with presence of AKI at admission as the dependent variable (Table 4 ). The results show that patients who used more CV medications exhibited greater risk of AKI than those who used no medications (1 drug: OR ¼ 1.63, P ¼ 0.2; 2 drugs: OR ¼ 4.74, P ¼ 0.03; 3 or more drugs: OR ¼ 5.9, P ¼ 0.02), independent of any comorbidity. Sensitivity analysis, with CV medication count as a linear variable, indicated that addition of a single new CV medication increased the risk for AKI by 30%. An alternative analysis indicated that patients with CV polypharmacy also had a greater risk of AKI (OR ¼ 2.58; P ¼ 0.02). Inclusion of nephrotoxicants including aspirin, NSAID, ACEIs/ARBs, and statin use in the regression models essentially did not change our results. However, inclusion of PIMs in our regression model significantly attenuated the significant association of CV polypharmacy with the risk of AKI (in model 1, P ¼ 0.44; in model 2, P ¼ 0.35), while the association remained significant in model 3 (P ¼ 0.02). Similarly, inclusion of diuretics use also significantly attenuated the association in models 1 (P ¼ 0.35) and 2 (P ¼ 0.1) but not in model 3 (P ¼ 0.05).
DISCUSSION
The results of this study indicate that preadmission CV polypharmacy is associated with subsequent AKI in elderly patients even after adjusting for the acute insults (CV diseases per se), the associated comorbidities, and the individual CV medication components, and that the risk of AKI increased with CV polypharmacy aggravation. However, CV polypharmacy had no effect on the duration of hospitalization and mortality in our cohort. These findings suggest that CV polypharmacy of geriatric patients is an important albeit under-appreciated issue that deserves more attention.
Most reports agree that there is a progressive age-dependent increase in the incidence of AKI, with a 3-to 8-fold higher risk in the elderly, depending on how ''elderly'' is defined. 23, 24 Moreover, the average age of AKI patients has gradually increased over time (mean age: 70-80 years). 25 These trends support the finding that 48% of our elderly patients (mean age: 78.5 years) presented with AKI on admission ( Table 1 ). The inhospital mortality of our elderly patients (15.8%) was also within the range reported in other studies of communityacquired AKI (11% to 20%). 26, 27 AKI is more common in patients with DM, possibly related to the milieu of hyperglycemia. Experimental studies have shown that elevated glucose levels could increase oxidative stress in kidneys, reduce local nitric oxide levels with impairment of vasodilation responses, compromise endothelial functions, and enhance ischemic reperfusion injury. 28 Epidemiological surveys also revealed that presence of DM is associated with 2-to 3-fold higher risk for AKI in patients undergoing surgery. 29 In the present study, although the percentage of DM among elderly patients with and without AKI differed significantly (49% vs 32%; P ¼ 0.03), multiple regression analysis did not identify DM as a significant risk factor for AKI development (Table 4) . We presume that the following factors might be responsible; first, past reports did not include polypharmacy and few of them included nephrotoxic medications in their analysis. Alternatively, the study population also differed. We focused on elderly patients (!65 years), while others mostly addressed different clinical settings instead of specific age group. Finally, our modest case number might also be 1 contributory factor.
Currently, there is no standard definition for polypharmacy in the literature, even though the risk of compound medication use is considered significant. Polypharmacy was conventionally defined as use of at least 1 PIM, or use of 2 to 6 or more concurrent medications. 30 We considered polypharmacy as use of 2 or more medications because of the higher sensitivity and the ease to determine by chart review, but the true impact of polypharmacy on patients might still be confounded by multiple comorbidities that require treatment by multiple drugs and by the potential for poor adherence in the elderly. Indeed, previous research found that 1/3 to 1/2 of patients had poor adherence to antihypertensive and lipidlowering drugs. 31 Consequently, we also adopted the concept of ''cumulative polypharmacy'' to better characterize the usage of CV drugs in our cohort. Our analyses suggested that the use of more CV drugs was associated with subsequent development of AKI, and supports the view that polypharmacy might have a significant clinical impact, especially renal outcomes. Thus, it is likely that, apart from the effect of CV diseases and the associated comorbidities, CV polypharmacy might negatively influence clinical outcomes.
Past studies suggested that polypharmacy increased the risk of geriatric syndromes (sphincter incontinence, cognitive and balance impairment), the rate of hospitalization, and the number of in-hospital complications. 32, 33 However, few reports examined the relationship between polypharmacy and AKI. One such report based on an insurance database found that prolonged polypharmacy increased the risk of hospitalization for AKI. 34 However, the low sensitivity of billing codes ($17%), variable exclusion criteria, and lack of descriptions of AKI severity and laboratory details are limitations of this study. 35 Another study indicated that use of each additional drug before surgery was associated with a 2.7-fold higher risk of postoperative complications, including acute renal failure 36 ; moreover, this risk was mostly from CV medications, because Continuous variables are expressed as means AE standard deviations and categorical as numbers (percentages). All P values were calculated for patients who used different numbers of cardiovascular drugs by one-way ANOVA, and chi-square if appropriate. exclusion of these medications significantly attenuated the observed negative effect. 36 Taken together with our results, this supports the view that, in addition to the conventional belief that a single-drug-class can induce AKI, polypharmacyespecially CV polypharmacy-was also associated with the risk of renal dysfunction. Moreover, we demonstrated a dosedependent relationship between CV polypharmacy and AKI risk (more severe CV polypharmacy accompanying more severe AKI), which strengthens our proposition that such biologic association existed in the elderly (Figure 4) . However, the lack of influence of polypharmacy on hospital mortality might be explained by other in-hospital events that altered medication regimens and counter-acted the negative impact of CV polypharmacy ( Figure 5 ).
The mechanisms underlying the association between CV polypharmacy and AKI could be complex, but can be classified as hemodynamic factors (systemic or glomerular), aggravation of nephrotoxicity, synergism of side effects, and impairment of adherence ( Figure 5 ). First, use of multiple CV medications may affect blood pressure significantly, leading to bradycardia and ultimately to impaired renal perfusion. Use of ACEIs/ARBs might further reduce the glomerular filtration rate (GFR) and thereby increase the risk for AKI in elderly patients. 11 Second, CV medications may lead to aggravation of nephrotoxicity; in other words, drugs compromising renal perfusion might indirectly reduce the excretion of other medications from the kidneys, causing adverse drug reactions and AKI, an outcome that would not have occurred without polypharmacy. Third, side effects of different CV medications could act together synergistically and precipitate AKI. For instance, concurrent use of dronedarone and diuretics can increase the risk of dehydrationrelated prerenal azotemia from both diarrhea (dronedarone) and excessive urine loss (diuretic). 37 Fourth, from the patients' perspective, polypharmacy might reduce adherence to vital CV medications, leading to poor disease control, including hypertensive crisis, dyslipidemia, and atherosclerosis, all of which might alter the risk of subsequent AKI. 2, 3, 38 Finally, it is possible that CV polypharmacy is also accompanied by concurrent use of other nephrotoxic medications, including NSAIDs. Elderly patients frequently had chronic musculoskeletal pain, the prevalence of which increases as population ages in addition to higher CV comorbidities. 39 As NSAIDs are frequently co-prescribed for pain relieving purpose, NSAIDs might play an important role in precipitating these adverse events, while topical NSAIDs might be safer. 40 Since the inclusion of PIMs and diuretics use significantly attenuated the significance of CV polypharmacy in some but not all our models, the association between CV polypharmacy might be mediated partially by PIMs prescription or specific component of the pharmaceutical regimen. Consequently, CV polypharmacy might be associated with the development of AKI through the effects of medications per se or by altering patient behaviors (adherence).
Our study has strengths and limitations. Through the crosscomparison of a comprehensive administrative pharmaceutical database and laboratory records, we successfully established the relationship between CV polypharmacy and the development of AKI in a cohort of elderly patients. We also demonstrated that the severity of AKI increased as patients used more CV drugs. These findings support the view that polypharmacy and AKI are frequently associated. However, the present study is also limited by the relatively modest case numbers and the sole inclusion of elderly subjects who had acute episodes that required hospitalization. It is possible that many patients with subtler or more gradual alterations of renal function, such as the sub-AKI, 41 were not included. If so, this would result in an under-estimation of risk. In addition, it is possible that the elevated risk of AKI in the elderly might also result from other individual components of their CV medications besides their cumulative effect. We have tried to address this issue through the adjustment for multiple potential nephrotoxicants in our regression models, and the effect of most identified agents seemed modest. Nonetheless, we could not rule out the possibility that the higher risk of AKI in these patients came from their comorbidities. Despite all these limitations, our findings can still serve as a useful foundation for larger and more thorough studies of the impact of polypharmacy on AKI risk in geriatric patients.
CONCLUSION
In the present study, CV polypharmacy, defined as use of 2 or more CV medications, was associated with significantly higher frequency of AKI in geriatric patients. Moreover, patients who used more CV medications had more severe AKI. Although our findings lend support to the potential adverse influence of CV polypharmacy in geriatric patients, the risk-benefit ratio of CV polypharmacy is still unclear. Further studies that use different criteria to define polypharmacy and that harness interventions to ameliorate CV polypharmacy would be needed to draw a more definitive conclusion. 
